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ABSTRACT

The Role of the Inorganic Phosphate in Salmonella

Resistance to Nitric Oxide

Lim, Na Ra
Advisor : Prof. Bang, Iel-Soo, PhD
Department of Biodental engineering,

Graduate School of Chosun University

Bacterial pathogens such as Salmonella enterica serovar Typhimurium can
replicate against attack of nitric oxide(NO) and NO-mediated reactive
nitrogen species produced by host animals. This study have identified that
inorganic phosphate transporters of Salmonella are essential for their
replication against nitrosative stress. The phosphate homeostasis of S.
typhimurium is mainly regulated by two inorganic phosphate uptake
transporter systems, the high-affinity transporter, Pst and the low-affinity
transporter, Pit. The growth of Salmonella mutant lacking both transporters
is severely impaired in the culture media containing NO congeners such as
spermineNONOate. Moreover, supplementation of inorganic phosphate into the
culture media restores the growth rate of wild-type Salmonella under
nitrosative stress conditions. NO induces transcription of pst operon but not
pit operon, which resembles transcription of two operons in response to

phosphate limitation, suggesting possible interactions between inorganic
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phosphate and NO. Levels of inorganic phosphate and NO remains unchanged
when combined together in vitro, but levels of inorganic phosphate inside
Salmonella decreases in the presence of NO. The microscopic analysis of pst
pitA mutants shows the lengthened cell morphology and increase of
NO-mediated  fluoresence  of  DAF-FM(4-amino-5-methylamino-2 * ;7
—difluorofluor-escein) diacetate accumulated inside cell by NO exposure,
implicating that defective transport of inorganic phosphate damages bacterial
division and NO metabolism. These results suggest that maintance of
phosphate homeostasis is crucial for Salmonella replication against nitrosative

stress.
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Salmonella= 13-/ &7 Altelth. Salmonella® 792 L9E &4
= d 7 §HEZ B o|FolAm, 10°]519] A& #9f Forw
de dod F Aot 5o HEFES Samonellaw TS AW S ofy] S
&+ B0l U #F7F Srbskar dol Am kMY Aol ojewel Sl
Salmonella= AA7AAS & 4 A1, 42 AxEF 7|Hel Escherichia coliRt
F & dEA o] wAES WA AT weo] zol= Edeoth 1 &
Salmonella enterica serovar Typhimuriume F oA AAZAAES do7|= ATt
o2 F Yok &, =HA, B, ol H, AWx, 228 & 7

Z1TH1L. Salmonella®) HAE <5+ oe 7FA AT wAYSTo] T ==
1 syt AAEAREe® Aol e Salmonellag W ol FA A R
s =5 WA AA AlZiv

o]

v} @A Al A F(reactive oxygen species: ROS)o] A4l

s

{0

Ol

—

2-3]. A AN A= g A 5T (reactive
nitrogen species: RNS)
Hd o2& S, Typhimuriumel #E®E S di2Alxe &3 S
Typhimurium®] A&ES o A2, 4]
Z AF3LE (superoxide; 02 - )W IAFE} = (hydrogen peroxide; H-O2)9F 22
ARG Alds AA Al F Ao AT S AT e 2] A
AE=d, Abgol A 2aAEEE, IAEskrsy) S =54 g ZHhydroxyl radical;
OH - )eo] AdEt. =3qtstZolvt Jibstrsies Alds AL A1 F U=
HE b vt 2y S, Typhimuriume thEe] 4 A AZE2 AEE A
A& (superoxide dismutase; SOD)®F #AtaleiE Esie JhEelolAl
(catalase; Kat)®] &l =280 ola) 2ol Abh= 3ot AL + UrHbL
AbskA Ax(nitric oxide)= WY FlIAAEY SHE A 7 d= A A
2d Fo| A5 FAAGE Fol s3] AFgEAE =
4 & A (inducible nitric oxide synthase; INOS)ol 23] A @Gl Atadsas
4, thiol, A4 o]FZ&, DNAE ¥&sli= UFe MXE B R R K

Aol AR oA stoH7-9]. 28y Salmonella®] flavohemoglobin Hmpe <

off

>

]



FoA BAsteE A A AE § =310l Hmpye O 91£4 denitrosylase o
At o R S e vAETE i stelal AdE AskAEAE ALY
(NOs)o & s|EA 72, 74 A= O EHA deoxygenase AFZA o
ol AbstEAE ofitst A AN0)Z FH A ZITH 0]

2 dFd A= S, Typhimurium Hmp o] €jdl] Atslda 2 S48 50F A4F 7]
Zhol EAet=Al dotry] fla TS EMAEE EAR] 2A9Yd S Fd6)
Ak o] Ao B ALFl HybE WA A AekA] Kok FRUE Sk
a1, Al A3 Al el M 7] (inorganic phosphate; P) 5 %E XA 3dhe=

|
pst LA E Foll gl pstB FHAF o]l ERAEFE] A9 " A& F2 g
e}

rh

= 57191, 71 "Lﬁoé(organophosphate), ¥ 2~ F2Hphosphonic acid)e] it} E.
coli®t S. Typhimuriumol 4 HEA o =2 “7]%94 A e A S A2 Pho
d & & (regulon)©|th. Pho #Hl&& FAAELS F 7FA F#AUAA 24 A 2"
osjr x4 ¥=d, shvbe w8 XA PhoBelal thE shvb PhoBS IHEH
A JAAE A Q14kElE 4y, PhoRelth Pho dl#&LS AlX Jlo JQAatde] =
3 A EE ¥, 1 Fols ABC superfamily 49 =2 3348 L- 7
2ted 4=%Z}(phosphate transporter), Pst7} At} Pst &4 Al2=€2 pstS, pstC,
pstA, pstB, phoUZ TS 4A e # e 93] A1), 28] Pst
¥ ¥4 JE2835HE PhoR/PhoB 7 714 443k 24 Alxde] gt

=

-

7( O
1__1__

Pst @d &8 Qg w0l we wde] 2UHEU2), B coli® WROE B
ATE Fa WAL AAD PR AHEE Ben Lok A W QNG
E7b uhg weli AE el Q| 71916l F¥ A ¥ (periplasm) el &3t
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1 A4S @5 2 w5 ga

X

B AFo| A= Salmonella enterica serovar Typhimurium 14028s o8& 5
(WDE AF&dla1, S. Typhimurium® E<We]A = Table 1.9 Yeplth 5
o] kel 2221 ¥R &= Luria-Bertani(LB) 9 ¥l A<} 0.2% glucose® X353 E
A A (2g/1. HsCeHPO7H20, 0.1g/L MgSO4, 13g/L. K:HPO43H:0, 3.5g/L
NaNHHPO,H20) 12|31 3-(N-morpholino)propanesulfonic acid(MOPS) 44
A E AREtE MOPS #"lA| ol & 04% glucose, 0.25% casamino acidE #7}3)
th o wre 5719 2 = 0.1mM KeHPOS AF&3lal, 2 F7]9 74
= 10mMe] KoHPOLE AF&3lth o ¥ v gEr]o A 220rpm, 37CE 8] %
ot

2. EQdolA A=

(o]

S. Typhimurium 14028s¢] E<1WolA A%+ Lamda-Red recombinased ©]
|3 N2 &S FAst] AR pst operon® pitA EAWHolAE vl
57 98 4779 FAx 95 A4 Al7)ar 1 Ao chrolamphenicol
cassette2 4918 tH(Table 2). chrolamphenicol cassette 41 PCR $%7|& 2
o] &olH = FHOEFE pKD3 EAvEE o] &3t PCR 3% % PCR 4F

=2 PCR AA 7]|E(GeneAlDs o]-&a] AAFaL, Dpnl E4H(NEB)E A2 .
7251 Lamda-Red recombinase® HdA7]= o] FAAS Pk
Chloramphenicole] Eolgl & #lx oA A A3 RIS 71x|a1 9= F=E1
S ®E8tar, o€ WER pst operon pitA EAWe]F= PCRS F3l
A Ulel chrolamphenicol cassette?] ¢l #0 dth(Figure 1). 18] 31 P2&
o] &3} 14028s0l FAw= FrHR27L

o



(A) 1 2 3 (B) 1 2 3

Figure 1. Construction of pst operon::Cm and pitA::Cm mutation in S.
Typhimurium 14028S genome.

(A) PCR products obtained with primers flanking pst operon gene from WT
(5kb; lane 2) and pst operoni:Cm mutant (2.3kb; lane 3) Salmonella were
electrophoresed on a 1% agarose gel. (B) PCR products obtained with
primers flanking pitA gene from WT (1.9kb; lane 2) and pitA::*Cm mutant
(2.4kb; lane 3). Lane 1 shows a DNA/HindIll molecular weight marker.



3. Z2E(Clone) AZ

pst ¥ FE(G031bp)e TEV] 98 PCR %2 F3 93t 414 A&
S Attt PCR $% Algd A8 Fo 2= S Typhimurium 14028s 4
AA 7L g, ZgololE pstS FWD Z#te]™ et phol/ REV Z o7}
A& (Table. 2). 12|31 Han-Pfu 5% &4 (Genenmed Inc)E ©]&3] PCR <
ZANAY. T35 PCR 4At=E2 PCR AAl 71EE o] &3] AARn, 29L& 9
sk AgtE s A= phoU REV Zgfoln| Fito] Qi+ Agtas Sall (NEB)&
AYFPAL o] EA A& MEL ge]l AA 71 E(GeneAlDE o] &3] HAF & Sall
7 Sma I (NEB)S A 2§ pucl9 B Hd A& AlAH DHbao F2AHE AJAHT

Z24s g8 LB wixdd aF o 7] & 74749 Ad wE §98 ¢
A AT LElal 1% agarose gelel ZWaEjA] iz #HEo] wls) =77 2 Wl

=7 U AR S 2E EEaYEE SR k. Be E8241 59 EcoR 1
(NEB)#} Sallg A2la] pst L& FE(G031bp)S HF @3 pitA F&
(1940bp)& T&7] 98] Zetolmol = pitA FWD Zetelm et pitA REV Zete]
o7} Ab& I TH(Table. 2). 2231 i-pfu DNA 58 &Z4(GNtRON)E o]-&3] PCR
ZEZ A7tk PCR AHES PCR AA 7122 ol ga AANL, F2Ye 9% 4
3 &4 Age AFTEs HindlI(NEB)E A 2#5, Hindll$t Smal -2 A2dh
pBADI8 #E e} A3 DHoaoll 248 A F2UE 228 LB #jA
s Bk 71 & EgavEE eFEE v eFEe 3 Egav =

EcoR I & HindIM-& A28 pitA Z&(1940bp)S HZE FA g}

4. RNS A

Aebds g A 24 cayman chemical 2F-H 4% spermine  NONOate
(sperNO)$} S-Nitrosoglutathione(GSNO)7}F AF&3th. GSNOT sodium nitrite®}t
glutathione® o|&3ke] Azt sperNO®H GSNOE -80TeolAl B3t =i
S5 500mM stock solutions AHE&E w) wir} 4 ehe] ARG ST



5. Al A3 x4 F4

02% glucose’} 5% E HawA ek 04% glucose, 0.25% casamino acid,
0.lmM KoHPOs %+ 10mM K2HPO7F ¥ MOPS H|A|o|A] FLEdE=
sperNOE A g adlt}h. H0.= LBuXo] A7 Fom GSNOE 02% glucose”}
e E Ham Aol Aok Ao da=ide 5467 f18 WA LBejA
of 20417t A% Mg H]Fet & phosphate buffered saline(PBS)oll ODesoo %k ©l
1o] = A A & w27} £(200440) microplated] THA] ODeyo #kol 0.027} = Al
Ae HE3 Y} microplate:= Transgalactic LtdAFe] Bioscreen C Microbiology
Microplate Readerol A 37 C2%o A mHbeH A 24X 7HEoF v 308w}

F45(0.D=600nm)E =7 gk
6. RNA =

M2 AA RNAT TAKARAAFS] RNAiso PlusE o83 F&=gch. ) &3t
Alit 1mle FA A7l ¥ RNAiso PlusE 1mL Yo 3 g3 & Ao 5
AT, S 0280 FRRFES Y 4o] Fa A2 5
. 12,000g, 4T, 163 A2 A7 E o83 Fd A7 &= AZdn =
2HA A FRO &ATE 18 0509 olAZERS S Wil A 107

AA 7151 12,000g, 4T, 108 d o= AR 7]E ol &3 4 AAH RNAS

o, o

g gt} 75% o ¥E(-20T)& o]-&3sle] Az & XA
)5 DNA+T SIGMAAFS] Deoxyribonuclease I (DNase I )2 ]3] #|A

Pl

>0

7. cDNA 4 2 A& PCR

RNA+ Promegart®] RNasin, Random primer, M-MLV reverse transcriptase
o] &3t cDNAE FA3Th cDNA &4 212 25T;10%, 37C;60+, 90T;5
2 3} A PCRS SolGentAl e-Taq DNA £ &4AE ARE3le] A sgsich

Mro



A% PCR &1 95T;Hat, 95T;40%, 50T™B8C;30%, 72°C;30%, 72T 74 o] th

8. 719 =

o

7191 SAH L in vitroAlT ¥t in vivo(AlTE bkl A FaH T MA in
vitro’doll A el F71909 A2 MOPS HlA 9l K:HPO,2F spermine NONOateZ
Al & & ' v 1A s wi ket = S fvh 542 BioAssay
SystemAF2] Malachite Green @2 #4 7|22 8P Fth HA Regent A 100
W Z Regent B 18]E 4791 Working ReagentE wEo] =94t} 96-well plate
of MZ 803} Working RegentE 2053 & Hol=d ZHEE 7IHA
HET Ao A 308 7|th¥l & ri-fluorescence spectro— photometer® 595nm
oA e oAt in vivo A¥L S Typhimurium AlTS ZF17]
(ODgo=0.5)7+A] 718 spermine NONOateZ 1mMZE A 2]é}a1 28 ) k7] o
A 1A ZEE R B kg Hod 33 SRTFE ATE 38 AFRAT 259904
FA 2 Ae stfelal @ ARE Frh AL Bio RadAbe] DC w9

A8 53 s B gido]l Eoj9ls AE 892 Malachite Green
=
=

NOx 42 Griess £4& S8 AU Griess Z42 =] ol A 4k}
Aok F7)9le] et on whgehi=A]l dolry] 98 in vitrodelM FH .
MOPS #j#]o] spermine NONOate 1mM-2 A &]3t & & njgr])o A 1A 7HE

oF HkSAIZITEH HEZd 50uE 96-well ZHo)E 3 & NADPH 1040,
master mix(14mM sodium phosphate buffer 1040, glucose-6—phosphate



dehydrogenase 10u8, glucose-6-phosphate 10xf, nitrate reductase 10l ) 4044
S Yo "Ho] E0] oA ¢ 25T A 2087 vkAZ T 1 & Griess reagent
100pesel  Fa1 oAl Ho] FEolex e 25TdA 1683 HEAFH L
ri—fluorescence spectrophotometer® 56onm 3o A =3 g},

715 AL ofdAYE Vi F4eE PBSE =9l IM oAV EES e £
96-well ZdolE°] 0, 1.56, 3.13, 6.25, 125, 25, 50, 100uM= 343} Griess

L

j=]
RN

10. A0 5 24
0.2% glucose”’t ¥%td E #A&nw]A ] S, Typhimurium ©FA3E 59 W]

TFE ODeo el 057 € wj7tA] 712 % 0.2% glucose”} E3d MOPS
oA 201 AlF = AF AL Wy HAE 2mle 02% glucose’t EF
MOPS #jAle] 4391th. 12|31 spermineNONOate 1mM< ¥ @} ¥p=
IZOTOPA}F®] Orthophosphate-| *#P] (HCI and Carrier-free) & 10uME A 2|8}
Ay EE A2k P 2R 98 1Evle A" JERASZos u
o3 Fo](0.45mm pore size)d] AME S00ulE HAEHH T 0% 2GR UE
B2AERA 9 A3 FolE 33 AHYT UERAEER XA 7 o3} Folo
Folole Alie] PP =4 e B-counter (Tri-Carb 2100TR liquid scintillation

analyzer) & A& 3 th

jus)
:d
_4

gg
r&ﬂ

11. 3t v & ol &3 Al dd aF

S. Typhimurium R ® w59 EARIAES LB #jAo HE $ 37C &
HjF7) ol A 16A17F FoF Bl & 0.2% glucose’t ¥ E FHAwAo wjdd
TTE 1220002 A5t HEFekar GSNO ImM=2- A}y 228l 37C
) 7)o A 14A17F BTt 5= Iecl(Carl Zeiss, Germany) ZH 22t Primo
star(Carl zess, Germany) @u]7d o2 &3z P},

N
ot



12. 9% @av 7 & o] 88 Al U Astd4 aF

B g7l Al 71 = 02% glucose?t Sl FH Ao Al 16417F 37T &
k7oA 719kt 28]al spermineNONOQOate 3mM-2- 6A]7F 308 23 5
Molecular ProbesAt¢] DAF-FM(4-amino-5-methylamino-2 |7~ —difluorofluor-
escein) diacetates 2417F A2 gitt. DAF-FM diacetate®] exitation maximat
495nm©]3l  emission maximat™ 5l15onmelth. Al Ul AstA st WESShE
DAF-FM9 £A+ iCHM1.4(IMT, Canada) 7142t} Axioscope Al(Carl zeiss,
Germany) 3% du|d o=z #z v},

S. Typhimurium ¢k & 59 EdHo] 5 LB WA HF ¥ 37C Z
[e]
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1.

=5

Table 1. Bacteria strains used in this study.

straiNO genotype Source
1B1 Salmonella enterica serovar Typhimurium 14028s ATCC
[B1006 rpoS:Tnl0dem J. W Foster
IB1134 ApstS::CM This study
B1123 ApstC:CM This study
B1122 ApstA::CM This study
IB1176 ApstB::CM This study
B1124 AphoU::CM This study
1B1098 AphoB::CM This study
B1148 AphoR::CM This study
B1174 Apst operon::CM This study
IB1187 ApitA::CM This study
B1195 Apst operon pitA::CM This study
IB1319 Apst operon::CM/pst operon clone::AP This study
1B1320 Apst operon pitA::CM/pst operon pitA clone::AP | This study

_11_



Table 2. Primer used for the construction of mutations and

quantitative real-time PCR analysis.

Primer name

Primer DNA sequence

pst operon P1 FWD

pst operon P2 REV

pitA P1 FWD

pitA PZ REV

pstS FWD
phoU REV
pitA FWD
pitA REV
<gRT-PCR>
poD FWD
rpoD REV
pstS FWD
pstS REV
pstC FWD
pstC REV
pstA FWD
pstA REV
pstB FWD
pstB REV
phoU FWD
phoU REV
pitA FWD
pitA REV

5'-ggtgtggegg  cccagtgact ccagactcac  cagceage
ggc gtgtaggetg gagcetgette—3
3'-atcgaaagtg ggcgegggtt ctaccgtgaa ctggecaa

cc catatgaata tcctecttag—-5

5'-ggacgcgtat cgegetgate ctcteegeta tcggegtgge

gtgtaggetg gagetgette-3

3'-cgccageega teatcgtace aatacccage gecaacg

cca catatgaata tcctecttag—5
tgcggtaga acatgtgatg
cgatcac cctaacgtg
ccagcgcecta taataacgge

gtggtggtaa gcttgattge

gtgaaatgggcactgttgaactg
ttccagcagataggtaatggcettc
caggtttcttctgegcetttg
ggtctgggeggtaaaggtaa
tcgagctggtaagtgttgee
gectttggtatcggceattet
gagagcgcggtaaacaacaa
tcaattgttgtggggctgtt
tccagagcetgaacatggcete
cgcaaaagtggggatggtat
tgatgctgctgggagaattt
gcatccgceactcaggtaatg
tggcaaacgtggaaagctac
tcaattgttgtggggctgtt

_12_



V. 24 3

il

1. ¥719& FAAArFo =% H Salmonella? EAE FAAZ
o},

i

AdadE: 2EH 20 =9 S Typhimurium® EAo] F7]<1e ga2 &
ol 7] 918 sperNO7} H7FE A H7ME A &L 0.1mM F71¢ =& 10mM F
7191e]l #7Fd MOPS Hl#|el Al S, Typhimurium °F8 8 5
oF MiUAIA A HEE ol Skth(Fig. 2). WA k¥ HF= 0
¢lo] H7HE wiA A& SAIZFo] Ay AA 7] Eoizkth. ¥y 0.1lmM
711el H7kE wlA|o] sperNO 500uM-2 A 23t 5o Al 9AIZFe] X LpAaof
gA 7)o Eolztrh. Wil 10mM F-71Qle]l H7bd WA oA 7]8 T FE= HAIZE
3080l AupA A7) Eoirbal, sperNOE Al ek dFo| A= 6A1ZF 30+ 0]
A FA 710 EoZ2k vk 0.1mM F-71<%1e] FH7FE Aol A 71 #F= ODsw
off 5 0.6017FA] HZF AdAdar, sperNOE A 23 5ol = ODgypol A1 0.3847F
A HE AAEAT. 10mM F-71¢00] FH7EE wjAelA 7% TF= ODeoool A
0.8887+A] & g om sperNOE A 23 dFo A& ODsnoll A 0.757FA]
S AT w2 5719 233004 sperNOZEA] Al elshd A o] o] A Ay
A g Aok v w8 718 2d oA AR” Salmonellas S 7190 24
q = 2

Ad7Fol & Hal sperNOE A 2|st oM 25 7
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== = Pj 0.1mM
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1 11 21 31

Time (30min)

Figure 2. Phosphate promotes Salmonella replication under nitrosative

stress conditions.
S. Typhimurium WT cells were cultured in the MOPS media containing

0.1mM Pi (triangles), 10mM Pi (circles) with (opened symbols) or without
(closed symbols) spermineNONOate(500.m).
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2. A A AEL pst £HEY AAE F7HA 71
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N
B

& Agg S Typhimurium k& oA pst LHAEY HAAF A
=2 ZolH gttt S Typhimurium WTe] GSNO ImMZE A2 sFar 30 o
pstSe] HA7F F7HAtH(Fig. 3A). 123l sperNO 1mM # 2] §F 3043 60+l 4]
pstSe] AAE Z7FtHFig. 3B). rpoDE housekeeping A AEA oz f4
A2 AAEE AT wEbA Salmonellad) pst Q¥ HAAZ) 2AAAE
o ofs F7HEh

I
m
=
I

(A) t0 t30 t60

rrsl

psts

(B)
oD

psts

!
i

Figure 3. Transcription of pstS.

S. Typhimurium WT cells were cultured in the minimal E media and treated
with S-Nitrosoglutathione (ImM; A) and spermineNONOate (ImM; B).
mRNA levels were measured by quantitative reverse-transcriptase PCR assay
of total RNA purified from cultures. Housekeeping genes rrsD and rpoD was

used as normalization controls.
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Figure 4. Transcription of pst operon genes and pitA.

S. Typhimurium WT cells were cultured in the MOPS media containing
10mM Pi until OD600,»=0.5 and collected, then transferred into MOPS media
containing 0.ImM or 10mM Pi. mRNA levels were measured by quantitative
reverse-transcriptase PCR assay of total RNA purified from cultures. An

housekeeping gene rpoD was used as a normalization control.
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4. 7710 FEJAAL A8l A Salmonella= F8-E24F 3
FAE 710

Ao A48T Aol Pst & Pit #7191 FF Al2€o] Q&S dolH
7] 18} S. Typhimurium WT, Apst operon, ApitA, Apst operon pitA T+%
0.2% glucose?} &8 HH|A o] sperNO ImM< 23 F 2443 Fete] A4
A EE ol HATHFIg. S5A). WA spertNOE A 2lshA] &+ dF5L 79
H] 28 Al ODgoooll A1 0.6870.8714 AFgkam] 8Azke] At o] HA| 712 S0k

b 28y sperNOE A2 gk dFEofA A+ Aol dE& Heol=d WA, sperNO
el g WTL 18417 $of] AR 7)ol EZkaL, Apst operone 22Xk 9

21719 EolZkal, ApitAv= 23A3F 3o A A7) EolZkow, Apst operon pitA
= 24AZF Al Eot AE AAskA| Favh Wk Apst operon pitAc] pst Q.9
2 EFE EIHavsE gd448 A7 75 E dFe] gE3FHE e At
(Fig. 5C). GSNO& A et W=l 7]3 v A GSNO©| & 7t
(Fig. 5B). 1¥]31 0.1lmM %77 3 MOPS Hj Aol A o] 44 els B

WTETE ApitA7} 25 A2 Holw, Apst operonol X+ WTI ApitAdl H]
wE| A FA717F w2l 251 ODeooll A1 04744 "ol AshA] @tk 12a A
Pst operon pitAv 3 AR 2kt sperNO 500uME A2 gk 8] =x]of A
= WT, ApitA, APst operon, APst operon pitA 2.2 ZFFAel 5718 tHFig.
6A). 18] 10mM F7|0E 33 MOPS Hixol A< A #ide B4
0.1mM H-71%le] g mj Aol A A 2 Bty dFFE0] ODeswol A 0.97FA #
AFgkal, Apst operon pitA S A Z AT sperNO A Al &= WT, Apitld, A
pst operon, Apst operon pitA £l 2 FIH Ao F71gltHFig. 6B). whek
A1 sperNO A& A WT, ApitA, Apst operon, Apst operon pitA TQO.2 744
o] F7}%k Ao T Kol pst LHEO| pitART GAHAALT AEHRY | A
Ae 7FA 4 A slF, pst LEEF pitA7t B U EH H
Typhimurium< 42 5F 2E#H 2o ¢Sy e E 7Hdu 28 @
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Typhimuriume] 42 4E 2EH A 3o A A7) feae F7)<le] Hea

stk A2 aelaidr

719 FEAA EAWelFY BYRAF Al gl T8 2E
2 owkg Al RN olny] S8, AEAH sEelso] e gEde S

Holth LB wWXelA S Typhimurium WT, 4rpoS. Apst operon, ApitA, Apst
operon pitA°] Hz02 1.26mM-e A 23 & 24Xt sote] A4 de-g dolr gk
G(Fig. 7). 2 oF5 H0:8 AEshx] &2 2oy HO0:8 A2 ¢ 14

Aol e A HEle Byt wEtbA Apst operon®t ApitAs A3 AEH A
o= ARG E AL Fel S HTh rpoSE AELE AEd s FEAL MR =
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(C)

—-\WT
——WT + sperNO

- pst operon pitA

2:a. 4
TR, -5 st operon pitd +sperNO

0.D. 600nm

- pst operon pitd/est operon clone

=T pst operon pitAspst operon clone

+ speriNO

0.01
1 11 21 31 41

Time (30min)

Figure 5. Growth of WT and phosphate transporter mutants under
nitrosative conditions.

S. Typhimurium WT, pst operon, pitA and pst operon pitA double mutant
cells were cultured in the minimal E media with (opened symbols) or without
(filled symbols) NO congeners spermineNONOate (ImM; A) and
S—-Nitrosoglutathione (1ImM; B). (C) Effect of complimenting clone of pst

operon was measured under same growth conditions used in (A).
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0.D. 600nm
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——\WT
—S~WT + sperNO

, T post operon

== pst operon + speriNO

| & ot

=" pitA + sperNO

- pst operon pitA

= pst operon prtd + sperNO

11 24 31

——WT

—=—WT + sperNO

A pst operon

= pst operon + sperNO
i

=T pitA + sperNO

- pst gperon pitd
= pst operon prtA + sper/NO

B 11 21 31

Time (30min)

Figure 6. Effect of inorganic phosphate to the growth of WT and

phosphate transporter mutants under nitrosative stress conditions.

S. Typhimurium WT, pst operon, pitA and pst operon pitA double mutant
cells were cultured in MOPS media containing 0.1mM Pi(A) or 10mM Pi(B)
with (opened symbols) or without (filled symbols) spermineNONOate(500um).
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Figure 7. Growth of WT, rpoS and phosphate transporter mutants

under oxidative stress conditions.
S. Typhimurium WT, pst operon, pitA and pst operon pitA double mutant

cells were cultured in LB media containing H20O2 1.25mM.

_23_



5. %712 $F452AA7 EdWo]l H Salmonellai= 571209 S49]
7

271018 F435lE Pst 49 Pit 447 S. Typhimuriume] A F7]¢l

T5 & A= 98-S dolrkH(Fig. 8). S. Typhimurium WT, Apst
operon, ApitA, Apst operon pitAS 719 & P2 Aglslal vz A AL
0= da Ppe Aelslar 5E Fol A AL hE Tk A gtew B0
F TIPS ZAEE A3 WT 08-S 71522 8 1009%(x0%)2H 3 sd WT 5
T2 1119%(£27%0) 2 t0o] vl ual Al 11% v @Wo] F-7]Qle] At ¢te=z Eozk
t}. 18] a1 APst operonol A5 QR A+ 16%(£5.7%), S3-o M+ 57%(£15.4%)
2 WTell Hlaajr 57181 FFeo] AA =k 03 vlus)A 5o F7]¢1
F&ol 41% F7tstsledl ol A2 Pit FEAC e o Am Fr¢lo] FF

Holxl Aoz ®Th  ApitAdAE 0FolA 104%(+22.6%), 5HIE-o]A =
[e]

o5 HolW Pst FFA7F 2ol HIE W F7IQ FEHE Wilste J9EE
g Ao #Avdc auy Apst operon pitAdlAE 0, HEolA R
09%(+0.4%), 19%6(+0.46%) % F-71Q1 F%o] ¥= &ort weha] S Typhimurium
< Pst A% Pit F5A7E #7180 5o U7 He FEAR SHAT
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Figure 8. The inorganic phosphate transport rate of S. Typhimurium.
S. Typhimurium WT, pst operon, pitA and pst operon pitA double mutant
cells were cultured in minimal E media and treated
orthophosphate-[“P1(10uM). Radioactivity of bacterial cells was measured at

the Omin and 5min after P treatment.
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6. 2t3td A9 9 & Salmonella® WY 712 Fo] A A,

S. Typhimurium WTd SperNO ImM2S 308 23k & A¥E ote] Frjel <F

S AP WTEY F7]91& 27uM(+09)0] 32 WTel sperNOE 30% A 2] 3t
Al A= 17uM(+2.6)0] 9 tHFig. 9B). sperNOZ & & WTe AE W 7]l
ol 37%A % A4 sperNOeF F7]Qlo] whipa shehx o7 wkgol=x] o

olR 7] 3l in vitro’dol A AdLS AT KoHPO, 0, 12,5, 25, 50uM3} sperNO
ImME 28 A7l 5o F7]¢l %L sperNOE A3k Ao A kiR ZHas
Bolnl Aol Fol7b {UATHFig. 9D). Frile] atshdmet AFshA ¢l
sperNO©| A A3 d 49 2]7F=8 220]3= polyamine spermined} ZA&slE= #| &
ol¥ 7] ¢8| spermine 1mM-2 A3l KHPO, 50uM-=2 A& 3 5 3 A7t
T Br)el ke =Asg s 2oyt ¢lAtHFig. 9C). 18] Al sperNO 250uM3}
KoHPOs 50uME W8 A7 5 Abspdae] & 54 sts Wl 94 KeHPO4O
A AksbE o) gFo] ofthe] ZAAE Ho|u Zpol7) § O}Uﬂr(Fig. 10). Ak 4o
olg] F71d FEAZE dso] A tog FrIle] FEHEHA EE A U
F71Q1 Fol faHEA Loprr] 98 P o4& aﬂ A9 ek HFig. 11). WT
ol sperNO 1mM-2 30% A2 sta “PE A2l 3 & 0R, 58, 1647 we] *p
& 82 sperNOE A &4 Y count per minuit(cpm)ztel A 22 dFA] &
cpm @& WEA WEEE AL AT 0 = sperNOE A2 3 Al
A 96.2%(£17.926) & 4269] A7) Holvp @xF eItk Hitol A= 99.9%(£3.3%)
% sperNOE A gahA] &+ 213 zpol7F flom, 16417F o] F-o = 89.4%(+9%)
g2 Zpol7} A9 gk wEbx AEALE A= 7714

b Al AE U F7190 o] ZE AE Sho A dojuli= ol FQIFA o
< A o Aaneld Aom Heln

(¢]
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FEode wAF |

_26_



(A)

(B)

(C)

oD 595nm

phosphate conc. (ym)

phosphate conc.(um)

07

06 -

05 -

04 -

03 -

0.2 -

01

30

25

20

15

10

60

50

40

30

20

10

o
IS
o

12 16 24 32 40

[Phosphate], um

WT + sperNO

spermine 1mM

Pi 50 Pi 50+spermine 1mM

_27_



(D)

60

— 50 -

=

=1

b

|9} 40

c

(o]

u 30 -

Q

]

2

o 20 -

0

2

e . '

O T T T T
WO o = N e = AN =
< 0“’& Q\'\”L > P o'\’(Q o8 &
& & 2 &
x{’Q <')x"""Q <,)x':"Q Q’x"Q
A 45

Q\ Q\’L Q\ Q\

Figure 9. Measurement of the inorganic phosphate by Malachite Green
Phosphate Assay.

(A) Inorganic phosphate standard curves. (B) S. Typhimurium WT cells
were cultured in minimal E media and treated spermineNONOate 1mM for
30min. Inorganic phosphate levels of cell lysates were measured. (C) 50im Pi
was combined with spermine (ImM) for 60min at room temperature (D) 0,
125, 25, and 50um Pi were combined with spermineNONOQate (1ImM) for 60min

at room temperature.
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Figure 10. Measurement of the nitrite by Griess Reagent.
(A) Nitrite standard curves. (B) 50mm Pi  was combined with

spermineNONOate (100gm) for 60min at room temperature.
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Figure 11. The effect of RNS on the inorganic phosphate of S.
Typhimurium.

S. Typhimurium WT cells were cultured to log-phase (O0.D.600.,0.5) in
minimal E media, and treated with spermineNONOQOate (ImM) for 30min then
orthophosphate-[“P1(10uM) was added to cultures. Radioactivity was

measured at the Omin, 5min and 16hours.
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Figure 12. Morphology of WT and phosphate transporter mutants.

S. Typhimurium WT, pst operon, pitA and pst operon pitA double mutant
cells were cultured to log-phase (O.D.600.m 0.5) in minimal E media and
treated with S-Nitrosoglutathione(1mM). After overnight incubation, bacterial

cells were observed by Primo star light microscopy (x400).
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S. Typhimurium WT, Apst operon, ApitA, Apst operon pitAdl sperNO 3mM

& A3 ¥ DAF-FM diacetate® AtsAnE AAs] 3 dAv|doz Ao
Mgt ae] e ARE dolRktHFig. 14). DAF-FM diacetate A3}z 4 9
AL oy e ¥349& Ach(Fig. 13). DAF-FM diacetate?t 213 WT,

Apst operon, ApitA, Apst operon pitA°l A= &3 wrgo] Ao HA &tk
283l WT, Apst operon, ApitA°] sperNOE 2|3k ZloA] 9] &3 udo)

Ao HA Fhth 2y pst LAEH pitA = o o] @ Aol sperNO
2 AP w9 FAudoe] wol HHHUY. BN FIAL FEex ¥
o o] AsARE AL ALt RAEA Pan adE gobgl
d4E g
Cell Membrane
NO-
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Figure 13. Reduction scheme for the detection of nitric oxide by
DAF-FM and DAF-FM diacetate.
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Figure 14. Detection of Nitric oxide in wild-type and phosphate
transporter mutants.

S. Typhimurium WT, pst operon, pitA and pst operon pitA double mutant
cells cultured to log-phase (0.D.600u, 0.5) in minimal E media and treated
with spermineNONOQOate (3mM) for 6 hours, then DAF-FM diacetate was
added to cultures for 2 hours. Fluorescence of bacterial cells was observed

with Axioscope Al Fluorescence Microscopy (x400).
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Figure 15. hmp transcription.

ool

S. Typhimurium WT and pst operon pitA double mutant cultured to
log-phase (O0.D.600um 0.5) in the minimal E media, and treated with
spermineNONOQOate (3mM).
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Figure 16. Growth of WT, phoB and phosphate transporter mutants

under nitrosative conditions.
S. Typhimurium WT, phoB and pst operon pitA phoB triple mutant cells
were cultured in the minimal E media media containing no (open symbol) and

ImM spermineNONOate.
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ArSbA g0 ZEAlS VA=A skt 28 Y pst operon pitA phoB R
EdWol ® S Typhimuriume] o1733] Abshdio 7548 7H3oh(Fig. 16).
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2 A7} vgti(data not shown). PPK7} E¢¥o] & S Typhimurium®l
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